Abstract: Assistive technology (AT) can be used as early intervention in order to reduce activity limitations in play and communication. This longitudinal case study examines eye-gaze control technology as early intervention for a young child with high spinal cord injury without the ability to make sounds. The young child was followed by repeated measures concerning performance and communication from baseline at 9 months to 26 months, and finalized at 36 months by field observations in the home setting. The results showed eye-gaze performance and frequency of use of eye-gaze control technology increased over time. Goals set at 15 months concerning learning and using the AT; naming objects and interactions with family was successfully completed at 26 months. Communicative functions regarding obtaining objects and social interaction increased from unintentional actions to purposeful choices and interactions. At 36 months, the toddler was partly independent in eye gazing, used all activities provided, and made independent choices. In conclusion, the results show that a 9-month-old child with profound motor disabilities can benefit from eye-gaze control technology in order to gradually perform activities, socially interact with family members, and make choices.
Introduction
This paper is an extended version of the publication done in 2017 for the Association for the Advancements of Assistive Technology in Europe (AAATE) conference in United Kingdom. Additional information and figures have been added and discussed [1] . The young child has been involved in earlier research regarding 10 children with severe physical impairments without speaking abilities in which eye-gaze performance and computer usage were reported on a group level [2, 3] . This case report focuses on an individual child's learning and the performance of eye gaze control technology and video observations over time. In addition, field observation of the individual child is included.
Non-verbal toddlers with profound motor impairments may have difficulties catching up in important developmental areas due to difficulties in initiating actions, exploring activities, and communicating with parents and others. For these children, there is a delay between what they are able to do and what is expected for their age [4] . In order to create opportunities for actions and promote child development [4, 5] eye-gaze control technology might be a promising early intervention. Eye-gaze control technology allows the child to use the movements of their eyes to operate a computer. The system involves a camera in the computer that tracks eye movements, which in turn controls the cursor on the screen [6, 7] . Accordingly, the device has the potential to provide opportunities for children with severe motor impairments without speech to initiate and explore self-directed actions and activities through eye gaze and use the screen to communicate with parents and siblings.
Previous studies in eye-gaze control technology for children with disabilities are sparse [7] , but recently published research shows that children with severe motor disabilities without speech can learn to use eye-gaze control technology and have positive effects from this [2, 3, 8] . Karlsson et al. [6] , in a systematic literature review on the effectiveness of eye-gaze control technology for communication, only found two applicable studies and argued that evidence is required to guide the selection of appropriate potential users, as implementing eye-gaze control technology is expensive and time-consuming. Accordingly, there is evidence that eye-gaze control technology benefits children with profound motor impairments. A question of clinical importance that still remains to be answered is at what age is it appropriate to introduce gaze based AT as early intervention. As a first step, this case report follows a toddler with a high spinal cord injury and no speech ability from 9 months to 36 months with the aim to investigate eye-gaze control technology as an opportunity in early intervention for the performance of activities and communication.
Materials and Methods
This study has a longitudinal design and follows the Care guidelines for clinical case reports [9] . Data collection started on October 2012 and was finished on December 2014.
Ethical Considerations
Parents to the toddler gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and ethical approval was granted by the Regional ethical review board in Uppsala, Sweden (2010/316). The name used in this article referring to the young child is a pseudonym.
Patient Information and Diagnostic Assessments
Lucas was born at term in a normal delivery, and his first days in life were normal. He fell ill about one week after birth with signs of a serious infection, and he was diagnosed with septicemia and meningitis due to an acute bacterial infection. He was treated with antibiotics and improved, but later on had recurrent episodes during the first two months with serious and unclear symptoms. Several CT and MRI scans of the brain were performed and proved to be normal. Around the age of three months, his conditions worsened with breathing problems and signs of paralysis in both his trunk and all extremities. Neuroradiological examinations now showed clear signs of an osteomyelitis in the bone structures of the skull base and cervical vertebras 1 and 2. There was a destruction of bone in this area leading to an instability of the neck. The neurological symptoms were due to a compression of the brain stem and proximal parts of medulla spinalis. The neck region was stabilized by a surgical procedure. Lucas has a severe motor impairment-tetraplegia-and his breathing is supported during sleep by a non-invasive ventilator (BIPAP), but he breathes normally while awake. His hearing and vision is normal as well as his eye movements and facial muscles, but he was not able to make sounds. The case described above is extremely uncommon, and the literature does not provide any evidence about the further development. Lucas stayed at the hospital most of the time during his first 10 months and afterward moved home to his parents and sibling. A follow-up MRI later showed new signs of compression in the craniocervical junction, and a new operation was performed at the age of 2 years and 10 months. The situation has since this been stable. Figure 1 shows a timeline of interventions and data collections.
Interventions
Technologies 2018, 6, 12 3 of 7 literature does not provide any evidence about the further development. Lucas stayed at the hospital most of the time during his first 10 months and afterward moved home to his parents and sibling. A follow-up MRI later showed new signs of compression in the craniocervical junction, and a new operation was performed at the age of 2 years and 10 months. The situation has since this been stable. Figure 1 shows a timeline of interventions and data collections. Before moving home, a referral was sent to a communication center to assess if eye-gaze control technology could provide him with opportunities to be active, communicate, and explore the world. The child started to try and learn controlling the computer with eye gaze at nine months of age during sessions at the ward. These sessions indicated that the child had a good ability to focus the gaze on small objects on the screen that seemed to interest him; however, according to the team and his mother's estimation at that time, he did not understand that he moved the cursor with his gaze.
After moving home, the eye-gaze control technology intervention was introduced. Lucas was provided with eye-gaze control technology at home and supported by a special communication team at the age of 15 months. The eye-gaze control technology was a C12 (12″ screen) from Tobii Technology [10] , which is a one-piece unit with an eye camera incorporated in the computer. The software programs included in the eye-gaze control technology were Communicator with speech output [10] and Look to Learn [11] . These consist of 40 games to learn cause and effect and choice making skills. The specialists at the communication team, together with parents, built up dynamic pages in Communicator with play activities, as well as pages with music, fairy tales, and pictures for early communication. Altogether, these pages were comprised of approximately 50 pictures (see Figure 2 for a page with a play activity. The parents learned how to support the child in using the eye-gaze control technology and were recommended to give the child the opportunity to use the eye-gaze control technology on a daily basis and as often as he wanted. The services from the multi-professional team were based upon research-based key elements (increasing parents' knowledge about eye-gaze technology, collaboration among key persons, goal setting and considering the child's preferences for usage) and are well-described elsewhere (for details, see Borgestig, Sandqvist, Ahlsten, Falkmer, and Hemmingsson [2] ). Before moving home, a referral was sent to a communication center to assess if eye-gaze control technology could provide him with opportunities to be active, communicate, and explore the world. The child started to try and learn controlling the computer with eye gaze at nine months of age during sessions at the ward. These sessions indicated that the child had a good ability to focus the gaze on small objects on the screen that seemed to interest him; however, according to the team and his mother's estimation at that time, he did not understand that he moved the cursor with his gaze.
After moving home, the eye-gaze control technology intervention was introduced. Lucas was provided with eye-gaze control technology at home and supported by a special communication team at the age of 15 months. The eye-gaze control technology was a C12 (12 00 screen) from Tobii Technology [10] , which is a one-piece unit with an eye camera incorporated in the computer. The software programs included in the eye-gaze control technology were Communicator with speech output [10] and Look to Learn [11] . These consist of 40 games to learn cause and effect and choice making skills. The specialists at the communication team, together with parents, built up dynamic pages in Communicator with play activities, as well as pages with music, fairy tales, and pictures for early communication. Altogether, these pages were comprised of approximately 50 pictures (see Figure 2 for a page with a play activity. The parents learned how to support the child in using the eye-gaze control technology and were recommended to give the child the opportunity to use the eye-gaze control technology on a daily basis and as often as he wanted. The services from the multi-professional team were based upon research-based key elements (increasing parents' knowledge about eye-gaze technology, collaboration among key persons, goal setting and considering the child's preferences for usage) and are well-described elsewhere (for details, see Borgestig, Sandqvist, Ahlsten, Falkmer, and Hemmingsson [2] ). Figure 1 shows time points for data collection.
Assessments
Eye-gaze performance (accuracy in eye gazing and time on task) was measured at T1-T4 with the Aim test in Compass 2.0 Software for Access Assessment [11] . Psychometric properties of the Aim test showed good results [12, 13] .
The Goal Attainment Scale (GAS) [14] was used to measure goal attainment in meaningful computer activities at T2-T4. Computer activities and goals were cooperatively decided by parents and professionals. When predefining and grading the goals at T2, the current level of eye-gaze technology usage was set to −2 on the five-point scale from −2 (much less than expected) to +2 (much more than expected) with 0 (expected), +1 (more than expected), and +2 as successful levels. GAS has shown good responsiveness in detecting clinically relevant change [15, 16] .
Computer usage diaries [6] assessed the use of eye-gaze control technology in the home setting at four time points T1-T4. Through direct observation, the parents reported the child's daily computer usage in number of days/week, minutes/day, and number and type of performed activities (activity repertoire).
The child's communication concerning the communicative functions of "obtaining things" and "social interaction" when using eye-gaze control technology was rated based on the Communication Matrix intended for early communication behaviors corresponding to the age of 0-24 months [17] . The Communication Matrix categorizes communicative behavior in different areas in seven levels from the earliest level-pre-intentional behavior to the highest level-using symbols and language. From video clip observations at T1-T3 (n = 6), two of the authors independently assessed the level of behavior of each video clip (Levels I-VII). Observer 1 was blind to time point and had no previous knowledge of the child (interrater reliability was 74-96%).
At the age of 36 months, Lucas was observed twice in the home setting by a researcher when using eye-gaze control technology. The researcher wrote detailed field notes during the observations. The observations of Lucas' use of the eye-gaze control technology lasted for about 30 min on both occasions and focused on independency in computer use, communication, and social interaction. Figure 3 shows that Lucas' eye-gaze performance (accuracy in eye gazing and time on task) measured with Compass 2.0 increased over time. His precision in selecting targets (accuracy) improved fast, and already at T2 he reached almost 100% in accuracy. Time on task improved over time and decreased from 8 s at T1, to 4 s at T2, and then to 2 s at T3 and T4. Figure 1 shows time points for data collection.
Results and Discussion

Assessments
The Goal Attainment Scale (GAS) [14] was used to measure goal attainment in meaningful computer activities at T2-T4. Computer activities and goals were cooperatively decided by parents and professionals. When predefining and grading the goals at T2, the current level of eye-gaze technology usage was set to 2 on the five-point scale from 2 (much less than expected) to +2 (much more than expected) with 0 (expected), +1 (more than expected), and +2 as successful levels. GAS has shown good responsiveness in detecting clinically relevant change [15, 16] .
At the age of 36 months, Lucas was observed twice in the home setting by a researcher when using eye-gaze control technology. The researcher wrote detailed field notes during the observations. The observations of Lucas' use of the eye-gaze control technology lasted for about 30 min on both occasions and focused on independency in computer use, communication, and social interaction. The goals, cooperatively set by parents and professionals and measured by GAS were evaluated over time. All four of the following predefined goals were successfully attained at T4: (a) making finds among all pages in the eye-gaze control technology (GAS Level +1); (b) having a regular computer usage of five days a week (GAS Level 0); (c) interacting spontaneously with parents and sibling during play activities with eye-gaze control technology (GAS Level +2); and (d) naming objects by eye pointing, while sometimes in need of verbal guidance (GAS Level 0). Analysis of the computer diary demonstrated that the frequency of use in everyday life increased over time (T1-T4) from 43 to 77% of days/week and that the minutes of use per day increased from 25-38 min/user day. At the age of 26 months (T4), he used all categories of activities available (e.g., photos, play activities, music, and fairy tales).
Results and Discussion
The results regarding communicative functions, as measured by the Communication Matrix, showed that the ability to obtain things using eye-gaze control technology emerged over time from unintentional choices of screen selections with eye gaze at the age of 9 months (baseline, Level II) to intentional choices of up to 10 objects offered on screen at 16 months (T2, Level III unconventional communication). This increased to 30 objects on screen at the age of 21 months (Level III) (T3). In addition to this, he learned to request more from the partner's action by pointing with eye gaze to a specific picture of the desired activity he wanted to continue with at T3 (Level IV, conventional communication).
Social interaction emerged from unintentionally attracting the partner's attention by consistently showing interest and looking at the screen (baseline, Level II) in order to intentionally request the partner's attention and responding with smiling and smacking during eye gaze-computer interaction (T2, Level III). In addition to this, he also intentionally directed the partner's attention to his actions on screen by looking back and forth between the objects on the screen and the partner (T3, Level IV).
The field observations in the home setting showed that, at the age of 36 months, Lucas was partly independent in the performance with eye-gaze control technology but still now and then needed his mother's guidance and support for the actions. For example, the mother pointed on the computer screen to show where to fixate with the gaze to change back to a previous page, or the mother commented on what Lucas did and what happened based on his actions. Lucas was observed to make independent choices with eye gaze as well as respond to his mother's suggestions of activities. He also showed his own preferences beyond his mother's recommendations. For example, with expressions of delight mixed with terror, he repeatedly chose to start a scary fairy tale even though his mother warned him and suggested other fairy tales. The goals, cooperatively set by parents and professionals and measured by GAS were evaluated over time. All four of the following predefined goals were successfully attained at T4: (a) making finds among all pages in the eye-gaze control technology (GAS Level +1); (b) having a regular computer usage of five days a week (GAS Level 0); (c) interacting spontaneously with parents and sibling during play activities with eye-gaze control technology (GAS Level +2); and (d) naming objects by eye pointing, while sometimes in need of verbal guidance (GAS Level 0). Analysis of the computer diary demonstrated that the frequency of use in everyday life increased over time (T1-T4) from 43 to 77% of days/week and that the minutes of use per day increased from 25-38 min/user day. At the age of 26 months (T4), he used all categories of activities available (e.g., photos, play activities, music, and fairy tales).
The field observations in the home setting showed that, at the age of 36 months, Lucas was partly independent in the performance with eye-gaze control technology but still now and then needed his mother's guidance and support for the actions. For example, the mother pointed on the computer screen to show where to fixate with the gaze to change back to a previous page, or the mother commented on what Lucas did and what happened based on his actions. Lucas was observed to make independent choices with eye gaze as well as respond to his mother's suggestions of activities. He also showed his own preferences beyond his mother's recommendations. For example, with expressions of delight mixed with terror, he repeatedly chose to start a scary fairy tale even though his mother warned him and suggested other fairy tales.
The results of the present case report demonstrate that a child with profound motor impairments can as early as 9 months start using eye-gaze control technology in order to gradually perform play activities, make choices, and socially interact with parents. Hence, for young children with tetraplegia, eye-gaze control technology can be a tool for play and learning to promote development. This case report will inform practice about AT's usefulness for non-verbal children without the ability to voluntarily control any body part except the eyes. In the future, these promising results need to be tested in a controlled study following children's learning and development when advancing from an infant to preschool age. It is important to bear in mind that this case study provides an example and that, when considering the age of the child, it might be appropriate to start using eye-gaze control technology even earlier than this study reports. Future research is needed to provide precise recommendations as to when it is most efficient to start using eye-gaze control technology for promoting learning and development in children with profound motor impairments without the ability to make sounds.
It is possible the positive results in this study are related to the type of intervention provided. Earlier research has shown that involving key persons such as parents and providing them with the knowledge and skills needed is in the long run essential to a sustained use of assistive technology [18, 19] . The parents in this study received education on eye-gaze control technology and on how to support their child. It was recommended to them that they give their child opportunities to use the eye-gaze control technology on a daily basis and as often as the child wanted. The rehabilitation team collaborated with them over time to set goals and to find a broad range of doable computer activities with respect to the age of the child. Thus, results from research that cannot provide opportunities for the same length or intensity of the training might not be comparable.
The strength of the study is that the child's development in gaze-based usage was repeatedly followed over time by different measurements. However, field observations were only performed at the end of the study, resulting in limited material for describing children's use in everyday life, as well as their independence in computer use and social interaction with family at the earliest ages.
In conclusion, the results indicate that eye-gaze control technology can be a promising tool used for early intervention to promote young children's development and learning.
